Abstract Cancer is a disease of aging, and so with the increasing age of the US population, the incidence of cancer is also increasing. Furthermore the global burden of cancer continues to increase largely because of aging and growth of the world population together with increasing smoking rates in economically developing countries. Tumor formation is critically dependent upon two processes-initiation and progression. The initiation step is mediated by DNA damage, which causes activating mutations in proto-oncogenes and inactivation of tumor suppressor genes in many cancers. This is then thought to facilitate tumor progression and metastasis. Cyclooxygenase-2 (COX-2) is upregulated at an early stage in tumorigenesis and has been implicated as an important mediator of proliferation through the increased formation of bioactive arachidonic acid (AA) metabolites such as prostaglandin E 2 . Significantly, we have found that COX-2-mediated AA metabolism also results in the formation of heptanone-etheno (Hε)-DNA adducts. Furthermore, we showed that the Hε-DNA adducts arose from the reaction of DNA with the lipid hydroperoxide-derived bifunctional electrophile, 4-oxo-2(E)-nonenal (ONE). Similarly, 5-lipoxoygenase-mediated AA metabolism also results in the formation of ONE-derived DNA adducts. The resulting Hε-DNA adducts are highly mutagenic in mammalian cell lines suggesting that these pathways could be (in part) responsible for the somatic mutations observed in tumorigenesis. As approximately 80% of cancers arise from somatic mutations, this provides an additional link between the upregulation of COX-2 and tumorigenesis.
Introduction
DNA damage plays a major role in mutagenesis, carcinogenesis, and aging. Damage can occur through a variety of insults, including dietary factors, environmental exposures, and endogenous chemicals. The effects of exogenous toxins have been extensively studied for their mutagenic potential, and a large body of literature exists on how these molecules can lead to DNA damage and ultimately, cancer. Often damage occurs by the reactive oxygen species (ROS) superoxide, peroxide, and hydroxyl radical [1, 2] . These are generated constantly from ground-state triplet oxygen in vivo by a variety of endogenous processes including normal mitochondrial aerobic respiration and inflammation induced by infection with viruses or bacteria, by cytochromes P-450 [3] , and by peroxisomal-mediated degradation of fatty acids [4] . Normally, ROS levels are tightly controlled by an inducible antioxidant program that responds to cellular stressors and is predominantly regulated by the transcription factor Nrf2 (also known as Nfe2l2) and its repressor protein Keap1 [5] . Exposure to environmental toxins such as tobacco smoke and asbestos can lead to increased ROS formation [6] . ROS are capable of oxidizing DNA and causing single-strand and double-strand breaks [7] when they escape detoxification by antioxidant defense systems, including superoxide dismutase, catalase, and reduced glutathione (GSH)-dependent peroxidases (POXs) [4] . A state of intracellular oxidative stress can occur when GSH is depleted either through direct GSH adduct formation or by providing reducing equivalents to inactivate ROS [8] , such as during the metabolism of xenobiotics and endogenous chemicals for example [4, 9] . Increased ROS production can overwhelm these endogenous protective mechanisms and initiate breakdown of lipid hydroperoxides formed from polyunsaturated fatty acids (PUFAs) such as linoleic acid (LA) and AA [10] to genotoxic bifunctional electrophiles [11] . This form of endogenous damage from the breakdown of lipid hydroperoxides is not as thoroughly studied as exogenous DNA damage, although a significant amount of research has been conducted in the past decade [4, 12, 13] .
Lipid peroxidation is defined as the oxidation of membrane lipids [14] . It has been implicated in degenerative diseases of aging, in particular cancer, cardiovascular disease, and neurodegenerative diseases such as Alzheimer's and Parkinson's disease [15] [16] [17] [18] . Lipid structures are very diverse and range in polarity. PUFAs are extremely sensitive to oxidation and therefore provide an excellent source for ROS-derived genotoxins, as well as substrates for endogenous oxidative biotransformations by the actions of cyclooxygenases (COXs) and lipoxygenases (LOXs). Importantly, for COX-and 5-LOX-mediated lipid peroxidation of PUFAs, relevant esterified lipids must first be hydrolyzed, whereas 12-and 15-LOX-mediated lipid peroxidation of PUFAs can occur on intact cell membrane lipids [19, 20] .
Cancer is a disease of aging, and so, with the increasing age of the US population, the incidence of cancer is also increasing. Thus, it was estimated that there would be 1,529,560 new cancer cases in 2010 in the USA [21] compared with 1,284,900 in 2000 [22] . Furthermore the global burden of cancer continues to increase largely because of aging and growth of the world population together with increasing smoking rates in economically developing countries [23] . Based on the Globocan estimate, there were approximately 12.7 million new cancer cases worldwide in 2008 [23] compared with 10.1 million in 2000 [24] . Some 90% of cancer genes show somatic mutations in cancer, whereas 20% show germline mutations and 10% show both [25] . This suggests that approximately 80% of cancers arise from somatic mutations. Furthermore, the mutations can take many years to accumulate during tumorigenesis [26, 27] . Therefore, understanding the role that COX and LOX-mediated lipid peroxidation and the resulting DNA damage could provide important insight into how these somatic mutations occur.
Cyclooxygenases

Background
The ability of COX to oxidize PUFAs was recognized over 35 years ago [28] . Two isoforms have been identified, the first of which, COX-1, is constitutively active. The presence of an inducible form of COX was first suggested after experiments showing a transient increase in prostaglandin (PG) E 2 in canine kidney cells upon stimulation with tumor promoters and carcinogens [29, 30] . Furthermore, the induction observed was decreased with inhibition of transcription or translation, indicating it was dependent upon de novo COX synthesis. Eventually this isoform of COX, COX-2, was cloned and sequenced, and its expression was found to be inducible in human cells [31] . COX-2 and COX-1 share 60% sequence homology [32] .
Both COXs are capable of producing PGs, which are important signaling molecules that are formed by the oxidative metabolism of AA [28] . As such, it is the key regulatory enzyme of PG signaling, promoting the conversion of AA to the hydroperoxy-endoperoxide PGG 2 and subsequently converting it to the hydroxy-endoperoxide PGH 2 via the enzyme's POX activity (Fig. 1) [33] . A variety of eicosanoids are produced from PGH 2 , varying in function from regulating inflammation, blood clotting, ovulation, initiation of labor, bone metabolism, nerve growth and development, kidney function, and blood vessel tone, as such changes to COX-2 expression help to regulate diverse functions in several tissues. It is not surprising then that alterations in normal COX-2 activity are seen in many disease states, ranging from cardiovascular disease to cancer [28] . Initial reports indicated elevated COX-2 expression in colorectal cancer [34] , and further work showed several other epithelial cancers to be associated with elevated COX-2 as well [35] [36] [37] . In fact, the presence of COX-2 activity in cancer correlates to a more aggressive phenotype [38, 39] . For example, breast cancers found to express COX-2 saw increased incidence of recurrence, metastasis, and worse clinical prognosis and survival rate [40, 41] . Many of these adverse effects have been ascribed to increased production of proproliferative COX-2-derived PGE 2 [28] . The activity of PGE 2 is regulated by conversion to inactive 15-oxo-PGE 2 by 15-hydroxyprostaglandin dehydrogenase (15-PGDH) [42] and subsequent further reductase-mediated inactivation to 13,14-dihydro-15-oxo-PGE 2 ( Fig. 1) [43] . 15-PGDH-mediated PGE 2 metabolism is controlled by cellular influx through the organic anion transporter polypeptide (OATP) 2A1 (also known as the PG transporter or solute carrier organic anion transporter 2A1) [44, 45] . Intriguingly both 15-PGDH [45] [46] [47] and OATP2A1 [48] are downregulated in colon cancer.
COX inhibition
Some of the most widely used drugs, including aspirin and other nonsteroidal anti-inflammatory (NSAIDs) drugs such as ibuprofen, act to block both isoforms of COX [49] . Importantly, these drugs appear to have chemoprotective effects, particularly against colorectal cancer [49] . Unfortunately side effects of NSAIDs over long-term use include unacceptable gastrointestinal (GI) bleeding thought to arise from the inhibition COX-1 [50] . Therefore, it was reasoned that a COX-2-specific inhibitor would avoid these side effects and reduce inflammation associated with upregulation of COX-2 expression [50] . In fact, rofecoxib (Vioxx) did significantly reduce the GI side effects when compared with naproxen [51] as well as when compared with other NSAIDs [52] . However, Vioxx also caused a dosedependent increase in cardiovascular events [53] which resulted in it being withdrawn from the market. This has been ascribed to inhibition of vascular COX-2-mediated PGI 2 biosynthesis [50] . In support of this concept, similar side effects were observed with the COX-2 inhibitor celecoxib (Celebrex) [54] which has resulted in significant restrictions in its use. Overall, these studies have revealed that COX-2 inhibitors cannot be used for long-term treatment in disease prevention.
COX-mediated formation of lipid hydroperoxides
In addition to PG production, both COX-1 and COX-2 can abstract the pro 13(S)-hydrogen from AA, followed by double bond rearrangements and oxygen insertion to form a mixture of 11(R)-hydroperoxyeicosatetraenoic acid (HPETE), 15(R)-HPETE, and 15(S)-HPETE [55] (Fig. 1 ). COX-2 also converts LA primarily to 9(R)-hydroperoxyoctadecadienoic acid (HPODE) and 13(R)-HPODE. The HPETEs and HPODEs are reduced to the corresponding hydroxyeicosatetraenoic acids (HETEs) or hydroxyoctadecadienoic acids. 15(S)-HETE is subsequently converted to 15-oxo-ETE by 15-PGDH [56] (Fig. 1) . However, the HPETEs can also decompose to form highly reactive α,β-unsaturated aldehydes, a process that can be initiated by transition metal ions or vitamin C [57] . 15-HPETE is converted into 4-hydroxyperoxy-2(E)-nonenal (HPNE), which then forms 4-hydroxy-2(E)-nonenal (HNE) and 4-oxo-2-nonenal (ONE, Fig. 2 ) [58] . Similarly, 11-HPETE is converted to HPNE, which is in turn converted to HNE and ONE (Blair IA, unpublished). As indicated earlier in this article, the by-products of lipid peroxidation can be reactive, and as such, there are cellular systems in place to detoxify these molecules. In particular, GSH will form adducts with the decomposition products of hydroperoxides, such as HNE and ONE, thus rendering them unable to react with cellular macromolecules [8] . HNE forms a mixture of GSH adduct diastereomers, whereas ONE forms the unique thiadiazabicyclo-ONE-GSH adduct (TOG, Fig. 2 ) [59, 60] . However, if the cell is already under oxidative stress, so that GSH is depleted, covalent modifications to cellular proteins and DNA can occur [55] .
Lipoxygenases
Background
LOXs are also able to convert PUFAs such as AA into lipid hydroperoxides [61] [62] [63] that can decompose into reactive bifunctional electrophiles such as ONE and HNE. They also Fig. 1 Metabolism of AA by COX-2 to eicosanoids produce a variety of signaling molecules, including leukotrienes (LTs), HETEs, and lipoxins [19] . These are important mediators of several cellular functions but are perhaps most well known for their roles in inflammation. 12-LOX and 15-LOX can act on esterified phospholipids in cellular membranes directly and produce lipid hydroperoxides [64] . These are reduced and hydrolyzed by phospholipase A 2 and secreted as HETEs [65] . 5-LOX acts on AA to produce 5(S)-HPETE, which is either reduced to 5(S)-HETE or serves as a precursor to the formation of LTs [66] . ROS also produces HETEs from free or esterified AA but does so in a nonstereospecific manner [14] . Therefore, analysis of the chirality of HPETEs and HETEs makes it possible to determine whether they were formed enzymatically or from the action of ROS [67] . The conversion of AA to 5(S)-HPETE by 5-LOX is critically dependent upon the presence of 5-LOX-acitvating protein (FLAP) [68] . 5-LOX and FLAP are expressed primarily in inflammatory cells such as polymorphonuclear leukocytes, monocytes, macrophages, and mast cells [66, [69] [70] [71] . Therefore, 5-LOX-derived eicosanoids are thought to play a critical role in inflammation and allergic disorders [72] [73] [74] [75] . A number of studies have also implicated 5-LOX-derived AA metabolites as mediators of atherogenesis and heart disease [66, 76, 77] . Furthermore, the 5-LOX pathway of AA metabolism has also been proposed to play a role in prostate and pancreatic cancer [78] [79] [80] .
Cellular model for 5-LOX expression
CESS, a human lymphoblastic cell line, has been reported to express both 5-LOX and FLAP mRNA. In addition, 5-HETE was identified as one of the major AA metabolites formed in CESS cells upon stimulation with calcium ionophore [81, 82] . This made the CESS cells an ideal model to examine the effects of lipid hydroperoxide-derived DNA damage. A targeted chiral lipidomics approach was used to examine the endogenously produced lipid peroxidation products secreted from the cells into the culture medium [83, 84] . This revealed that there was a substantial and stereoselective secretion of 5(S)-HETE upon stimulation of the CESS cells with calcium ionophore A23187 and confirmed the presence of a functional 5-LOX activity [61] . The concomitant secretion of substantial amounts of LTB 4 provided additional confirmation of the 5-LOX activity. Interestingly, almost equimolar amounts of 5(S)-HETE and LTB 4 were generated. This suggested that sufficient 5(S)-HPETE could have been generated to undergo homolytic decomposition to ONE [85] . MK886, a FLAP inhibitor, reduced 5(S)-HETE production Fig. 2 Lipid hydroperoxidemediated formation of bifunctional electrophiles, GSH adducts, and DNA adducts by 97% and LTB 4 production by 99%, confirming that these eicosanoids were both derived exclusively from 5-LOX [61] .
4 Lipid hydroperoxide-mediated formation of DNA adducts
Lipid hydroperoxide-derived bifunctional electrophiles
Development of stable-isotope dilution LC-MS/MS methods for analysis of lipid hydroperoxides, their decomposition products, and DNA adducts has allowed for a better understanding of endogenous DNA damage. As discussed, lipid hydroperoxides can undergo decomposition in the presence of metal ions [86] . Lee and colleagues first showed in 2001 that vitamin C was also capable of converting lipid hydroperoxides into endogenous genotoxins [57] . The major decomposition products were identified as the bifunctional electrophiles, HPNE, ONE, HNE, 4,5-epoxy-2(E)-decenal (EDE), and 9,12-dioxo-10(E)-dodecenoic acid (DODE) [58, 87, 88] . Each of the bifunctional electrophiles is capable of forming DNA adducts and therefore has mutagenic potential [55] .
Etheno-DNA adducts
HPNE, the precursor to ONE and HNE, forms unsubstituted ε-DNA adducts [89] . EDE is also capable of forming these adducts [87] , but HPNE has been shown to be much more reactive with 2-deoxyguanosine (dGuo) [87] , and is likely the major source of endogenous unsubstituted ε-DNA adducts. These adducts can also be formed by environmental toxins such as vinyl chloride, vinyl fluoride, and chloroethylene oxide [90, 91] . As such, measurements of unsubstituted ε-DNA adducts cannot account solely for the amount of COX and LOX-mediated damage occurring to DNA, but rather a sum of endogenous and exogenous damage. Importantly, ε-dGuo is mutagenic in human cells, leading to A to T transversions [92] ; therefore, its formation is significant.
Propano-DNA adducts
HNE itself will react with DNA to form two distinct pairs of hydroxypropano-DNA adducts [93] . This reaction occurs at a low rate, therefore the propano-DNA adducts are not readily detectable in cellular DNA [93] . HNE is more reactive towards amino acids and can covalently modify lysine, histidine, and cysteine residues [94] .
Carboxylate-containing DNA adducts
Degradation of LA-derived 13(S)-HPODE results in the formation of DODE [88] . This reactive molecule can bind to DNA, forming caboxynonanone-ε-DNA adducts. In initial reactions with 13(S)-HPODE and calf thymus DNA, this adduct was found to be the most abundant adduct when compared to unsubstituted εdGuo and HεdGuo [88] . In contrast, treatment of calf thymus DNA with 15(S)-HPETE did not show any carboxynonanoneεdGuo adducts, therefore it appears this forms only through LA decomposition [88] . Importantly, the structure of DODE indicates it might not cross the nuclear membrane [88] , although carboxylate-containing DNA adducts have been identified [95] .
4.5 Heptanone-etheno DNA adducts ONE shares a similar structure to HNE except it contains a C-4 oxo group instead of a C-4 hydroxyl group. In vitro, ONE was able to form adducts with dGuo [96] , 2′-deoxyadenosine (dAdo) [97, 98] , and 2′-deoxycytidine (dCyd) [99] . 15(S)-HPETE or 13(S)-HPODE have also been shown to form these adducts from an in vitro reaction with calf thymus DNA [96] [97] [98] . To establish the genotoxicity of these adducts, Pollack and colleagues produced a site-specific HεdCyd-containing oligonucleotide that was incorporated into a shuttle vector. This vector was then transfected into Escherichia coli cells and the human cell lines XPA and GM637 [100] . The HεdCyd has an exocyclic ring and a bulky heptanone side chain, so it was predicted it would strongly block DNA synthesis. In fact, analysis of the progeny showed that HεdCyd did in fact block synthesis. Specialized DNA polymerases exist to replicate DNA around lesions, for they have a roomier active site that accommodates a modified base and new nucleotide [101] . Due to the lesion remaining, correct base pairing is forsaken. These polymerases exist to continue DNA synthesis when DNA is damaged and not repaired properly, known as translesional synthesis [102] . With synthesis blocked, miscoding around the heptanone adducts was observed. In E. coli, the miscoding frequency was 40-50%, and dGuo and dCyd were almost exclusively inserted opposite the lesion. In human cells, the miscoding frequency was more than 90%, indicating that these adducts are highly mutagenic. In contrast to E. coli, human cells inserted dAdo and thymidine exclusively across from the lesion [100] . Using a similar plasmid as described above in mouse fibroblasts, it was shown that insertion of thymidine across from HεdCyd was dependent upon translesional polymerase ζ and REV1, where as insertion of dAdo was not dependent upon either of these polymerases [101] . To date it is not known which polymerases are responsible for dAdo incorporation. These findings demonstrate two distinct translesional pathways at work to replicate DNA around the same adduct, and overall demonstrate that Hε-DNA adducts are highly genotoxic. As such, under-standing their formation is important to preventing mutations, genomic instability, and the development and progression of cancer.
COX-2-mediated DNA damage
COX-2 and cancer
As discussed earlier, both COXs and LOXs are capable of forming mutagenic Hε-DNA adducts via ONE formation. Several diseases have been linked to elevated expression of these enzymes, which potentially could increase the formation of DNA adducts as well. Important to the topic of this review, elevated COX expression is often seen in cancer, in fact this increase was first documented in colon cancer [33] . In addition, drugs that target COX, namely aspirin and other NSAIDs, were found to reduce the risk for colorectal cancer by 40-50% [103] . However, whether this effect is solely due to inhibition of COX-mediated PG biosynthesis remains to be determined. With the ability of COX-2 to assist in the production of genotoxic bifunctional electrophiles that damage DNA, it is possible that elevated production of COX-2 seen in cancer might contribute to the genomic instability associated with tumorigenesis.
COX-2-derived DNA adducts in cell lines
Initial experiments used mammalian cell lines to examine the role of elevated COX-2 in Hε-DNA adduct formation. In many tissues, COX-2 expression is very low unless stimulated. To get around this, rat intestinal epithelial cells that stably expressed COX-2 (RIES cells) were created [104] . In these cells, HεdGuo was observed as a major DNA adduct. These cells were then treated with increasing amounts of vitamin C for 24 h, and the levels of HεdGuo increased in a vitamin C concentration-dependent manner. Furthermore, the formation of adducts in RIES cells was blocked with treatment by aspirin and with a COX-2-specific inhibitor, NS-398, also in a concentrationdependent manner [104] . Interestingly, carboxynonanone-ε-dGuo was not detected [104] . Overall this study indicates that elevated COX-2 levels do contribute to DNA damage, specifically Hε-DNA adducts, in mammalian intestinal epithelial cells, and showed that further studies on the formation of these adducts in colon cancer and in other disease states with elevated COX-2 were warranted.
COX-2-derived DNA adducts in animal models
Colorectal cancer is the third most common cancer and the fourth most frequent cause of cancer-related deaths [105] . Two genetic forms of colorectal cancer are known, hereditary nonpolyposis colorectal cancer, which occurs due to germline mutations in mismatch repair genes, and familial adenomatous polyposis (FAP) which is characterized by a mutation in the apc gene. In FAP, mutation of apc leads to dysfunctional β-catenin signaling and increased transcription of several genes, including COX-2 [106] . COX-2-mediated DNA damage and its contribution to colon cancer, therefore, were explored further by using the Min mouse, a FAP model where the apc gene is knocked out. These mice form many large polyps spontaneously throughout the intestine. The link between apc, COX-2, and colorectal cancer was firmly established in Min mice by Oshima and colleagues. They examined APC −/− mice in a wild-type background and in a COX-2-null background. As mentioned earlier, apc −/− mice (Min mice) readily form intestinal adenomas, but those altered to a COX-2 null background saw a significant reduction in polyp formation [107] . Their conclusions were that apc −/− -mediated changes to COX-2 expression is a critical component for the development of intestinal adenomas. Therefore, Min mice provide an excellent model to explore COX-2-mediated DNA damage. When intestinal tissue from wild-type and Min mouse were examined, Hε-DNA adducts, specifically HεdCyd and HεdGuo, were found in both genotypes [108] . However, the Min mice had significantly higher levels of both adducts compared to wild-type mice [108] . The authors also looked for carboxynonanone-ε-and unsubstituted ε-DNA adducts but did not find any in either genotype, demonstrating that Hε-DNA adducts were the major DNA lesions formed in vivo [108] . This work also demonstrated that DNA damage is elevated in a disease model of colorectal cancer where COX-2 expression is upregulated. Now the question becomes if these findings extend to humans, which is being examined currently. One recent study looked at several human tissues by LC-MS/MS for Hε-DNA adducts. Such adducts were found among several tissue types, including colon, heart, kidney, lung, pancreas, and small intestine [109] . The authors of this study also examined the levels of 8-oxo-dGuo, the most commonly found adduct, and found that there was no correlation to the levels of 8-oxo-dGuo compared to HεdCyd [109] . This indicates that the two DNA adducts develop from different sources. Since 8-oxo-dGuo often forms from exogenous insults to cells and Hε-DNA adducts result from endogenous means, this finding indicates that damage to DNA that occurs throughout life results not only from exposure to carcinogens but also from our own cellular enzymatic activities. Along with the known mutagenic properties of Hε-DNA adducts, this work further supports the importance of understanding the formation of endogenous DNA adducts in tissues. The knowledge that Hε-DNA adducts are found in human tissues, that they can form from COX-2 action, and that elevated COX-2 activity correlates to a more aggressive cancer phenotype all indicate that this damage may contribute to the somatic mutations observed in cancer progression, helping to promote cancer development and metastases [26, 27, 110] .
6 Lipoxygenase-mediated DNA damage
Fewer studies have been conducted on LOX-mediated DNA damage when compared with COX-mediated damage. However, the formation of DNA adducts by 5-LOX has been confirmed in the cultured human lymphoblastoid CESS cell line. Jian and colleagues demonstrated that levels of ONE and HεdGuo increased with 5-LOX stimulation by calcium ionophore A23187 [61] . These cells expressed COX-1, but not COX-2 or 15-LOX. To verify that adduct formation was 5-LOX mediated, cells were treated with the FLAP inhibitor MK886. This reduced adduct formation in a dose-dependent manner, confirming 5-LOX-mediated formation of HεdGuo [61] . Furthermore, vitamin C increased DNA adduct formation in a dose-dependent manner, as seen in the COX-2 study with RIES cells. 5-LOX is linked to inflammatory diseases such as cancer and atherosclerosis [111] . It is also found to be upregulated in several cancer cell lines and is overexpressed in prostate and pancreatic cancer tissue [78] [79] [80] . As with COX, LOX-mediated DNA damage is a potential contributor to cancer progression. Therefore, therapies designed to block excess 5-LOX activity could be useful in cancer treatment and warrant further investigation.
7 Heptanone-etheno DNA adduct formation and repair
When not repaired, Hε-DNA adducts (specifically Hεd-Cyd), were found to be mutagenic [100, 101] . As with any bulky adduct, the first defense the cell has is to remove the base prior to DNA replication. Excised adducts can be found in biofluids such as blood plasma and urine. Their existence in these fluids could prove useful to identify the amount of endogenous DNA damage that may be occurring in a patient. Screening for increased Hε-DNA adducts could possibly point to early adenoma formation in the colon, for example, and a test for such adducts in urine might detect this lesion. It is the potential of technologies such as these that make the understanding of endogenous COX and 5-LOX-mediated DNA damage important. Further studies are needed to test this possibility of using urinary Hε-DNA adducts as biomarkers of endogenous DNA damage.
It is noteworthy that COX-2 could contribute to cancer progression through several mechanisms. As discussed earlier, it can induce DNA damage through degradation of its AA-derived lipid peroxidation products to DNA-reactive bifunctional electrophiles, but it also produces proproliferative PGs. PG signaling is clearly an important aspect of COX-2-dependent proliferation (Fig. 1) ; however, its ability to promote mutagenesis and genomic instability adds another layer of complexity to the involvement of COX-2 during cancer development. With studies linking many cancers to early upregulation of COX-2, understanding the effects this enzyme has on the biology of the cell is critical. Initial studies demonstrating the effectiveness of NSAIDs in reducing polyp formation led to the suggestion that inhibition of PG production was responsible [50, 112] . Undoubtedly, this is an important aspect of the activity of COX-2 in causing polyps, but its ability to cause DNA damage might also be important and as such could provide an alternative strategy for developing new therapeutic approaches [55] . This is particularly important in view of the adverse cardiovascular side effects observed with conventional COX-2 inhibitors [53, 54] . 5-LOX activation can also contribute to DNA damage, and its elevated expression is also linked to cancer [78, 79] . Therefore, both COX-2 and 5-LOX pathways could provide drug targets to modulate the mutagenesis and genomic instability that are associated with tumor formation and metastases. In addition, repair of COX and LOX-mediated DNA lesions might provide useful urinary biomarkers to monitor cancer progression.
Conclusion
Lipid hydroperoxides undergo homolytic decomposition to the highly reactive bifunctional electrophile ONE. This results in the formation of HεdGuo, HεdAdo, and HεdCyd as well as the GSH adduct, TOG (Fig. 2) . ONE was found to arise from vitamin C or transition ion-mediated decomposition of lipid hydroperoxides through the intermediate formation of HPNE. The Hε-DNA adducts were also shown to also arise from COX-2-and 5-LOX-mediated AA metabolism, and, importantly, Hε-DNA adduct formation was increased in a mouse model of intestinal cancer in which COX-2 is upregulated. Furthermore, HεdCyd was found to be highly mutagenic in mammalian cell lines suggesting that this DNA lesion can result in somatic mutations. Significantly, a large number of mutations at dCyd have been found to arise during the evolution of pancreatic cancer [27] . Upregulation of COX-2 is an early event in tumorigenesis, whereas downregulation of 15-PGDH occurs during the progression of many types of cancer. This means that COX-2-derived proproliferative eicosanoids such as PGE 2 are not inactivated. Therefore, during the progression of tumorigenesis, there is a "perfect storm" in which COX-2-dependent DNA damage can cause mutations in proto-oncogenes and/or inactivating mutations in tumor suppressor genes. This is coupled with reduced inactivation of COX-2-derived proproliferative eicosanoids through downregulation of the metabolizing enzyme 15-PGDH and the influx transporter OATP2A1. There is also substantial evidence that 5-LOX is upregulated in cancer. Therefore, 5-LOX-derived Hε-DNA adducts could also be involved in tumorigenesis.
